One microliter of the complete LCR was electrophoresed through a 2.5% agarose gel (Figure 2A) , and the upper -
For functional characterization of genes, it is often interesting to identify additional up-or downstream sequences in a fast and inexpensive way. Constructing a phage λor cosmid library is time consuming, and subcloning of the corresponding fragments has to be performed to isolate DNA that can be sequenced (3) . Alternative methods such as inverse PCR (2) or onesided PCR (4) have been developed, but it is sometimes a tedious effort to sequence the PCR product. Small amounts of byproduct, sometimes invisible by ethidium bromide staining after agarose electrophoresis, are sufficient to generate a second sequence that makes the determination of the primary sequence impossible. Some sequencing facilities do not accept long PCR products and rely on sequencing of vector constructs.
We have developed a strategy in which the PCR product is cloned in a straightforward way and sequencing of already known vector DNA is reduced to a minimum. The work was carried out with strains of the thermophilic Gram-positive bacterium Aneurinibacillus thermophilus , a member of the Bacillaceae (1). However, since the method is based on cloning of PCR products, it is compatible for other organisms as well.
Chromosomal DNA of the corresponding organism was digested with restriction enzymes that cut the multiple cloning site (MCS) of a favorite cloning vector (we used pBCKS from Stratagene, La Jolla, CA, USA). When using an inverse PCR strategy for sequencing, it is necessary to have a restriction site near the sequence where the PCR primers are set. This is very restrictive, especially if only a small amount of sequence information is available (e.g., after cloning DNA by means of a degenerate probe). In our strategy, it is possible to use any restriction site, whether or not this site is on the known sequence. The only prerequisite is a cloning vector with this specific recognition sequence and an additional restriction site for a blunt end-generating endonuclease. The digested chromosomal DNA was ligated into the linearized and dephosphorylated vector. A forward primer was designed at the 3 ′ end of the known sequence ( Figure 1) . In contrast to inverse PCR, only one specific primer is sufficient. Using the ligation reaction products as templates (approximately 20 ng DNA), PCRs are carried out with the 3 ′ primer and a primer flanking the MCS (here we used M13 universal forward primer). Expand ™ High Fidelity System (Roche Molecular Biochemicals, Penzberg, Germany) was used for the amplification reaction. This kit consists of both the Taq DNA and the Pwo DNA polymerases. Proofreading PwoDNA polymerase ensures higher fidelity and the generation of blunt end reaction products. The length of the PCR product depends on the position of the restriction sites on the unknown sequence. In a screening experiment, the approximate length of the amplification product using libraries generated after restriction with different enzymes can be determined. In the case of pBCKS, the following enzymes were used: Bam HI, Cla I, Eco RI, Hin dIII, Kpn I, Pst I, Sal I, Sst I, Xba I, and Xho I (Life Technologies, Eggenstein, Germany).
The reaction with the PCR product of appropriate length was optimized so that only one specific band was detected on the agarose gel. The amplification product was digested with the corresponding restriction enzyme, resulting in two fragments, one of which contained only unknown sequence. The smaller fragment, consisting of vector sequence was removed by preparative agarose gel electrophoresis. The purified DNA fragment now possesses one distinct sticky end on one side and a blunt end on the other. The sticky end is phosphorylated, whereas the blunt end carries no phosphate residue, due to the PCR. The fragment was cloned into the vector cut by the selected sticky end and blunt end endonuclease, respectively. To reduce religation of the cloning vector due to incomplete digestion, the plasmid was first cut with the corresponding enzyme, the ends were dephosphorylated, and, after removal of the calf intestinal alkaline phosphatase, a digestion with the blunt endgenerating enzyme was carried out. In the final step, the fragment was ligated into the vector (Figure 1 ), and the corresponding plasmid was transformed into the E. coli strain TG1 (Stratagene) by electroporation. Selection of positive clones can be easily done by in situ PCR using the established PCR protocol. For in situ PCR, colonies were picked, and cells were suspended in 10-µ L aliquots of sterile water. One micro - Figure 1 . Generation of the sequencing construct. To generate templates for PCR, digested chromosomal DNA was ligated into the appropriate restriction site of a standard cloning vector. PCR was done using a specific primer near the 3 ′ end of the known sequence and a universal primer specific for vector sequence next to the MCS. To reduce redundant sequencing of vector sequence, the PCR product is cut with the restriction enzyme used for construction of the library. Accordingly, the vector is digested with this enzyme and a blunt end-generating endonuclease. After ligation, transformation, and selection of a positive clone, this construct can be sequenced using universal primers. It has to be noted that on the final construct the known sequence can be on the M13 forward primer or on the M13 reverse primer side depending on the restriction enzymes used.
liter each of these suspensions was used as a template for PCR. Sequencing of the plasmid DNA can now be performed using two PCR primers flanking the MCS of the vector (we used M13 universal forward primer and M13 universal reverse primer; Figure 1) . If the unique primer is set 100-150 bp from the end of the known sequence, sufficient overlapping sequence is generated to align the sequences unambiguously. This method was used in our laboratory for several cycles of sequencing. In the overlapping sequence, all bases were identical, suggesting that this method is not only fast and inexpensive but also accurate. In vitro gene synthesis is increasingly being applied to the extensive manipulation of DNA, RNA, and protein sequences. In particular, codon-optimized synthetic genes are often required for high-level expression of recombinant proteins in heterologous hosts to facilitate structural studies by X-ray crystallography and NMR (3). There are a variety of in vitro methods for synthesizing genes de novo from overlapping oligonucleotides. They rely on either ligation or numerous cycles of PCR to assemble the oligonucleotides into full-length genes. Successful attempts have been limited to shorter genes, generally of 500 bp or less (2,3, 5-7). A rapid method that is both cost effective and can be applied to the synthesis of average-sized proteins will become increasingly useful as the genome project reaches completion.
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Design of the oligonucleotides that will be assembled into the full-length gene is the first step of gene synthesis, with the initial decision about the number and lengths of the oligonucleotides to be used being a principal concern. Because of the nature of chemical oligonucleotide synthesis, the need for oligonucleotide purification increases with length due to the corresponding increase in the proportion of incompletely synthesized product. By using larger numbers of shorter oligonucleotides, the need for purification is minimized. However, for successful gene synthesis from so many pieces, a highly efficient and stringent method is required. We investigated the application of a high-temperature ligation method for gene synthesis, developed by Au et al. (1) , with oligonucleotides a maximum of 40 nucleotides in length (8). This ligase chain reaction (LCR) method (1) was originally applied to the synthesis of a 440-bp gene and uses a thermostable ligase for the cyclic, high-temperature annealing and ligation of numerous oligonucleotides to form the gene in segments of 240 bp. Subsequent PCR assembly and amplification of these segments produced the full-length gene. Here, we have scaled up this high stringency method to synthesize a 1.5-kb gene from 84 nonpurified oligonucleotides (Figure 1) .
The gene was first synthesized in segments approximately 260-bp in length, each having a 20-bp overlap with the next segment, and consisting of one set of 12 overlapping 40-mers and a pair of 20-mers to fill in the 5 ′ overhangs. We note that the LCR became inefficient with segments composed of more than 14 oligonucleotides. Oligonucleotides were synthesized at standard purity (99% coupling efficiency) (Life Technologies, Melbourne, Victoria, Australia) and resuspended to 250 µ M in 10 mM Tris-HCl, pH 8.0, 1 mM EDTA (TE).
Phosphorylation of Oligonucleotides in Sets of 14
Equal volumes of 14 oligonucleotides were premixed. A 15-µ L aliquot of each of the six premixed sets was diluted twofold by the addition of 15 µ L 2 × T4 polynucleotide kinase buffer (Promega, Melbourne, Victoria, Australia), 100 µ g/mL BSA, 2 mM rATP, 2 mM MgCl 2 , and 20 U T4 polynucleotide kinase (Promega). After incubation at 37°C for 2 h, the reactions were stopped by heating at 75°C for 10 min.
LCR
The six phosphorylation reactions were diluted to 40 µ L with 1 × Pfu DNA ligase buffer (Stratagene, La Jolla, CA, USA) containing 8 U PfuDNA ligase (Stratagene) and overlaid with 30 µ L mineral oil. The LCR conditions consisted of an initial denaturing incubation of 95°C for 1 min, 40 cycles of 55°C for 1 min 30 s, 70°C for 1 min 30 s, 95°C for 30 s, with an additional incubation at 55°C for 2 min and 70°C for 2 min on the final cycle.
Gel Purification of Approximately 260-bp Segments

